ABSTRACT Recombinant phage clones carrying integrated hepatitis B virus (HBV) DNA sequences have been isolated from two phage libraries made from human DNA of a hepatoma and a hepatoma-derived cell line. One clone from each library has been characterized both by restriction mapping and by electron microscopy. In one clone there is at least one complete and uninterrupted HBV genome, and in the other the HBV sequences are composed of two major subgenomic fragments inverted with respect to each other. The host-virus junctions are localized within the positions 1,700-2,600 base pairs on the physical map of the free viral genome. The pre-S/S (surface antigen gene) region is conserved between the two clones. The two clones do not have common cellular sequences nor do they contain cellular homologues to six retroviral oncogenes. For one clone, the hepatitis B surface antigen gene was found to be functional when introduced into mouse thymidine kinase-negative cells by transfection.
Integration of hepatitis B virus (HBV) DNA into human liver DNA has been shown in many cases of hepatocellular carcinoma (HCC, also called hepatoma) and chronic hepatitis and in a few cases of acute and fulminant hepatitis (1) (2) (3) (4) (5) . In a similar manner, integrated viral DNA of the woodchuck hepatitis B virus (WHV), a HBV-like virus, has been described in some cases of HCC and chronic hepatitis (ref. 6 ; J. Summers, personal communication).
Little is known about either the organization of the integrated HBV sequences or the mechanism of viral integration. It has been shown by Southern blot-hybridization analyses of liver DNA that there were a limited number of bands corresponding to integrated HBV DNA and that some of these bands could be oligomers of the viral genome (1) (2) (3) (4) . However, a relationship between HBV DNA integration and the life cycle of the virus or the clinical course of HBV infection has not yet been established.
In the limited number of advanced HCC cases in which both the tumorous and nontumorous parts of the liver were analyzed by the Southern blot-hybridization procedure, only integrated HBV sequences (i.e., without free viral DNA) were found in both parts (2, 3) . Immunofluorescence studies have shown that the hepatitis B surface antigen (HBsAg) is usually absent from the poorly differentiated tumorous hepatocytes, whereas HBsAg is frequently found in the nontumorous part of the liver (7) . It therefore appears that whereas in nontumorous hepatocytes HBsAg can be synthesized from integrated HBV sequences, in tumorous hepatocytes such expression is absent despite the presence of integrated HBV sequences.
To investigate the organization of integrated HBV sequences, the flanking cellular DNA, and the control of HBsAg gene expression in HCC, we have isolated and analyzed HBVcontaining recombinant phage clones from two libraries. These libraries were constructed from the liver DNA of a patient who died of liver failure due to HCC (1) and from the HCC-derived cell line PLC/PRF/5 (8) . (1) , and PLC/PRF/5 DNA carries six (1) .
MATERIALS AND METHODS
Phages. AL47. 1, a BamHI vector, was kindly provided by W. Loenen (9) .
Bacteria. Strain LA101 (10) was used for phage infections. For in vitro packaging the strains BHB2688 and BHB2690 (11) were kindly provided by John Collins.
Enzymes. All restriction enzymes and phage T4 DNA ligase were purchased from New England BioLabs. DNA polymerase I and DNase I were obtained from Boehringer.
Blot-Hybridization. Southern blot-hybridizations (12) were as modified by Wahl et al. (13) . Nick-translated probes were prepared as described by Weinstock et al. (14) .
Cloning. In brief, cellular DNA was partially digested with Mbo I and fractionated on a 5-40% sucrose gradient. The 10-to 20-kilobase pair (kb) fractions were pooled and the DNA was precipitated. The phage arms were prepared by first ligating the phage upon itself and then digesting with BamHI and Xho I (the latter cuts within the internal fragment). The digest was fractionated on a 5-40% sucrose gradient, the phage arms were pooled, and the DNA was precipitated. The arms were redigested with BamHI Fig. 4 . The double-stranded stem is approximately 1.7 kb in length, and the loop is about 0.8 kb of single-stranded DNA. The map determined from measuring 20 micrographs placed this stem-and-loop structure within the HBV sequences located by restriction mapping. Even with a large molar excess of cloned HBV DNA, no structures between the loop and HBV DNA were reproducibly found. This stem-and-loop structure could be superimposed on the restriction map of AA3 as follows (Fig. 1B): The center of the loop must be equidistant with respect to the EcoRI sites within the HBV sequences. The base of the stem was thus 1.7 + 0.8/2 = 2.1 kb from the midpoint of the loop. Because the EcoRI sites are 2.9 kb apart, the base of the stem could be located at 2.1 -2.9/2 0.6 kb distant from the two EcoRI sites within the HBV sequences. For the left cellular junction this agreed with fine restriction mapping of this region (data not shown) and therefore the base of the stem probably corresponded to this junction. By comparison of the restriction map of the left subgenomic fragment with the complete maps of the three cloned HBV genomes, this site could be located between the C and pre-S coding regions at approximately position 2,600 kb (Fig. 2B) . The top of the stem was at 1.7 -0.6 = 1.1 kb within the 2.9-kb EcoRI fragment. Thus the internal boundary of the right subgenomic fragment was at position 1,100 bp. For the right-hand side of the HBV sequences, the base of the stem was within the HBV subgenomic fragment because restriction mapping places HBV sequences beyond this position.
Also shown in the electron micrographs of clone AA3 (Fig.  4) (ii) Because the two phages AIA22 and AA3 were cloned from HCC DNA and a HCC-derived cell line, respectively, we looked for the presence of cellular homologues to several retroviral oncogenes in the flanking sequences. The 3 clones derived from the tumor library and the 12 clones from the PLC/PRF/5 library were screened with the six retroviral oncogene-specific probes v-abl, v-fps, v-ras, v-myc, v-myb, and v-src. Under nonstringent hybridization and washing conditions (0.9 M NaCl/ 0.09 M sodium citrate/50'C), none of the clones cross-hybridized with any of the six oncogene probes. (iii) In order to determine whether or not HBV was integrated into cellular DNA carrying highly repeated sequences, restriction digests of the two clones were blotted and hybridized with nick-translated total human DNA (from a HBV DNA-negative patient). Repetitive sequences were found both 5' and 3' of the HBV sequences as shown in Fig. 1 A and B .
Expression of AIA22 Integrated HBV Sequences. In order to ascertain whether the HBsAg gene is intact we cotransfected AIA22 DNA along with a cloned thymidine kinase gene (17) into mouse Ltk-cells by the modified calcium phosphate procedure (18) . After 15 days of selection on hypoxanthine/aminopterin/ thymidine medium for the thymidine kinase-positive transformants, the culture supernatant was found to be HBsAg-positive by radioimmunoassay (AUSRIA II). Several colonies were cloned. One clone, 2a, has expressed HBsAg continuously after passaging at least six times. Another clone, lc, originally positive for HBsAg, proved unstable and ceased HBsAg expression after two passages. The transfection of AIA22 DNA into clone 2a cellular DNA occurred without rearrangement of the cloned insert (data not shown). No free viral DNA was detected in the culture medium or in the cytoplasm.
After CsCl density gradient purification HBsAg activity resided in fractions of density 1.2 g ml-', typical of human HBsAg (25) . HBV and WHV belong to the recently described hepadna group of viruses (26) . Cloned integrated forms of WHV from woodchuck HCC have been reported (27) (28) .
The recent discovery of a reverse transcriptase activity in the duck hepatitis virus (29) , a member of the HBV-like family of viruses, has prompted comparisons between these HBV-like viruses and the RNA retroviruses (30) . This is particularly interesting in that, whereas HBV infection has been associated with the subsequent development of HCC (24) 
